INTRODUCTION
============

Lightweight and mechanically robust cellular materials are important for widespread application in ultralight structures, energy absorption, electronic devices, energy storage and conversion, biomedicine, and so on ([@R1]--[@R6]). The elastic modulus (*E*) and yield strength (σ) of open cellular materials can be described by the density scaling equations, $\mathit{E} \propto \mathit{E}_{b}{\overline{\rho}}^{\mathit{n}}$ and $\sigma \propto \sigma_{b}{\overline{\rho}}^{\mathit{m}}$, where $\overline{\rho}$ is the relative density and *E*~b~ and σ~b~ are Young's modulus and yield strength of parent solid materials, respectively ([@R7]--[@R9]). Exponents of *n* and *m* are the geometrically mechanical response of a cellular structure displaying either stretching-dominated behavior with *n* = 1 and *m* = 1 or bending-dominated behavior with *n* \> 2 and *m* \> 1.5 ([@R7]). The stretching-dominated mode is expected to provide higher strength and stiffness as indicated by the exponents because the struts of frameworks are mainly subjected to axial tension or compression in the longitudinal direction ([@R8], [@R10]). In contrast, the bending-dominated mode has lower strength and stiffness but offers more flexibility and ductility for higher energy absorption. For ultralight materials with a density below 10 mg cm^−3^, such as aerogels and stochastic cellular materials, the strength commonly follows a quadratic or reduced cubic density scaling law ([@R9], [@R11]) except for recently developed ultralight microlattices with optimized geometric configurations for stretching-dominated deformation ([@R3], [@R9]). Although the ultralight materials often have excellent mechanical properties in compression, high tensile strength and modulus are rarely realized despite increasing demands for tensile properties from a technological perspective and from a fundamental interest in understanding the mechanics of ultralight cellular materials ([@R4]).

In addition to the geometric effect, the strength and modulus of ultralight cellular structures are also determined by the intrinsic mechanical properties and density of parent solid materials. Graphene, mono-- or few--atomic layer carbon, is the strongest and stiffest material ever known so far ([@R12]) and, thus, is an ideal parent material for constructing ultralight and ultrastrong cellular structures, especially for bearing tensile loading. Three-dimensional (3D) cellular graphene materials have been fabricated by using different approaches ([@R13]--[@R19]). However, all the reported graphene materials suffer from substantial degradation in strength and modulus and are limited to bear the compressive loading by following quadratic to cubic density scaling laws because of the uncontrollable porosity and weak interconnectivity between graphene sheets by van der Waals interplanar bonding ([@R20], [@R21]). Inspired by the recent achievements of high mechanical properties from metamaterials with a hierarchical hollow tubular structure ([@R3], [@R4]), we develop bicontinuous nanoporous graphene that is constructed by a seamless tubular graphene network by nanoporous metal--based chemical vapor deposition (CVD) to effectively use the excellent in-plane properties of graphene at a macroscopic scale. The freestanding and scalable nanoporous graphene with hierarchical nanoarchitecture has a tunable tubular diameter and wall thickness to maximize load carrier capability and shows excellent tensile and compressive properties superior to all other graphene and carbon cellular materials reported in the literature.

RESULTS
=======

Nanoporous graphene is synthesized by a nanoporous Ni (np-Ni)--based CVD method in which dealloyed np-Ni with 3D bicontinuous open nanoporosity is used as both a nanoporous template and a catalyst for graphene growth ([Fig. 1A](#F1){ref-type="fig"}) ([@R22], [@R23]). After completely removing the Ni substrates and supercritical drying, centimeter-sized freestanding nanoporous graphene samples can be achieved ([Fig. 1](#F1){ref-type="fig"}, B and C). The density of the resulting nanoporous graphene is tuned in a wide range from an ultralow value of 3 mg cm^−3^ to 70 mg cm^−3^ by tailoring graphene wall thicknesses and the pore sizes of np-Ni templates. The number of graphene layers (i.e., wall thickness) is tailored from monolayer to multilayers by controlling graphene growth time from 0.3 to 10 min. We characterized the graphene layers of the monolayer and bilayer graphene samples by 2D and G band intensity (*I*~2D~/*I*~G~) ratios and the full width at half maximum (FWHM) of the 2D bands of Raman spectra in [Fig. 1E](#F1){ref-type="fig"} and fig. S1 ([@R24]). For monolayer graphene, the *I*~2D~/*I*~G~ ratio is higher than 2 and the FWHM of the 2D peak is lower than 45 cm^−1^, while the bilayer graphene has an *I*~2D~/*I*~G~ ratio between 1 and 2 and an FWHM between 45 and 60 cm^−1^ ([@R24]--[@R26]). The measured intensity ratios (*I*~2D~/*I*~G~) and the FWHM of the samples with different growth conditions are summarized in table S1. For multilayer graphene samples, we measured the layers by direct observations using high-resolution transmission electron microscopy (HRTEM) ([Fig. 1D](#F1){ref-type="fig"}) and the estimation of the areal density of graphene sheets on the basis of the Brunauer-Emmett-Teller (BET) surfaces and densities. The pore sizes are designed between \~350 nm and 3 μm by controlling nanopore coarsening through changing the annealing time and temperature of np-Ni substrates (fig. S2). As usual, a larger pore size and a thinner graphene wall give rise to a lower density (table S1). Uniaxial tension experiments of dog bone--shaped samples with a gauge length of 6 mm, a width of 2 mm, and a thickness of 35 μm are conducted at a constant displacement mode with a nominal strain rate of 8.3 × 10^−4^ s^−1^ at room temperature. The gauge dimensions are limited by the thickness of the nanoporous graphene, and the 6 mm by 2 mm gauge dimensions are in the safe range to prevent lateral and transverse buckling/wrinkling of the thin foil samples according to the ASTM E345 standard (Test Methods of Tension Testing of Metallic Foil). For comparison, we also investigated the compression properties of the samples using nanoindentation with a large 20-μm-diameter spherical indenter at a loading rate of 0.0178 mN s^−1^ (fig. S3). We noticed that the tensile properties of the nanoporous graphene samples show an obvious dependence on the CVD temperatures. With a near-identical density of \~20 mg cm^−3^, the ultimate strength and the elastic modulus significantly increase from 234 kPa and 3.8 MPa to 432 kPa and 6.6 MPa by increasing the CVD temperature from 800° to 900°C ([Fig. 2A](#F2){ref-type="fig"}). Raman spectra (fig. S1A) suggest that the 800°C CVD graphene is more defective with a relatively higher *I*~D~/*I*~G~ ratio of 0.278 while the 900°C sample has excellent crystallinity with a lower *I*~D~/*I*~G~ ratio of 0.03. Apparently, the lower defect density from higher CVD temperatures can significantly improve the tensile properties of nanoporous graphene. Thus, all the nanoporous graphene samples used in this study are grown at 900° or 1000°C and have a near-perfect crystallinity, as evidenced by ignorable defect bands (*D*) in Raman spectra ([Fig. 1E](#F1){ref-type="fig"} and fig. S1, C and D).

![Fabrication and microstructure characterization of nanoporous graphene.\
(**A**) Schematic illustration of CVD-grown bicontinuous nanoporous graphene and a tubular structure with atomically thick walls. (**B**) Scanning electron microscopy (SEM) image of nanoporous graphene\@Ni. Inset: A centimeter-sized sample. (**C**) SEM image of freestanding nanoporous graphene after etching away Ni. Inset: A centimeter-sized sample. (**D**) High-resolution transmission electron microscopy (TEM) images showing a few-atomic-layer graphene wall in low-density nanoporous graphene grown at 1000°C for 1 min and a multilayer graphene wall in high-density nanoporous graphene grown at 1000°C for 10 min. The wall thickness of graphene tubes is tunable from monolayer, bilayer, to multilayer by changing graphene growth time from 1 to 10 min. (**E**) Raman spectra of nanoporous graphene with different np-Ni annealing times before graphene growth and CVD growth periods at 1000°C. We annealed all np-Ni substrates at 1000°C for 3 min before CVD growth of graphene at various times from 1 to 10 min to change the thickness of graphene or fixed the CVD growth time and tuned the np-Ni annealing periods from 3 min to 10 hours to change the tube/pore sizes as marked on each Raman spectrum. a.u., arbitrary units. Scale bars, 2 μm (B and C).](aat6951-F1){#F1}

![Tensile stress-strain curves of nanoporous graphene.\
(**A**) Effect of graphene growth temperature on the tensile properties of nanoporous graphene. Inset: The dog bone--shaped tensile sample with a total length of 15 mm and a gauge length of 6 mm. (**B**) Tensile stress-strain curves of high-quality nanoporous graphene with different densities between 3 and 70 mg cm^−3^. Inset: Tensile stress-strain curves of low-density nanoporous graphene. (**C**) Multistep loading-unloading of nanoporous graphene with a density of 49 mg cm^−3^. Curves show obvious self-stiffening where the modulus is increased from the original value of 60 MPa to 95 MPa (50%) in the last loading before fracture. (**D**) Multistep loading-unloading of nanoporous graphene with a density of 8 mg cm^−3^. Self-stiffening and work hardening are remarkable as the modulus is increased from 1.59 to 4.97 MPa (\~300%).](aat6951-F2){#F2}

Similar to other cellular materials, the strength of the nanoporous graphene intrinsically depends on the density ([Fig. 2B](#F2){ref-type="fig"}). The sample with the highest density of 70 mg cm^−3^ in this study gives the highest tensile strength and modulus of 1.2 and 48 MPa, while the sample with the lowest density of 3 mg cm^−3^ exhibits the lowest ultimate strength and modulus of 85 kPa and 0.8 MPa, respectively. The tensile strength of nanoporous graphene is slightly higher than compression ([Fig. 3A](#F3){ref-type="fig"} and tables S1 and S2), different from other cellular materials that usually have much lower tensile strength ([@R27]). The reliability of the measured mechanical properties is verified by the consistent elastic moduli of tension and compression for each sample. Besides the strength and modulus, the tensile ductility of the nanoporous graphene also shows density dependence. There is a distinct "brittle-to-ductile" transition at a density of \~20 mg cm^−3^ ([Fig. 2B](#F2){ref-type="fig"}). The samples with a thicker wall and a density larger than 20 mg cm^−3^ only experience a linear elastic deformation before catastrophic fracture at the peak strength. In contrast, the samples with a thinner wall and a density below 20 mg cm^−3^ have large nonlinear tensile strains up to 13%, accompanied by obvious strain hardening before failure ([Fig. 2B](#F2){ref-type="fig"}, inset), which is similar to ductile metals. The dependencies of strength and modulus on density are plotted in [Fig. 3](#F3){ref-type="fig"} (A and B). Both tension and compression strengths and moduli of the high-quality nanoporous graphene are obviously higher than those of cellular graphene assemblies ([@R11], [@R17], [@R18], [@R28]) and metallic lattices ([@R29]) in the entire density range of this study (fig. S4). Significantly, in the ultralow-density range (\<10 mg cm^−3^), the tensile strength of the nanoporous graphene surpasses the compression strength and elastic moduli of all high-strength cellular materials reported in the literature ([@R16]--[@R19], [@R30]). The modulus of nanoporous graphene can be scaled with relative density $\overline{\rho}$ as $\mathit{E} \propto {\overline{\rho}}^{\mathit{m}}$, with the exponent *m* = 1.6. However, the strength cannot be scaled by a single exponent but by two exponents as $\sigma \propto {\overline{\rho}}^{1.5}$ in the low-density range ($\overline{\rho}$ \< 20 mg cm^−3^) and $\sigma \propto {\overline{\rho}}^{1.1}$ in the high-density range ($\overline{\rho}$ \> 20 mg cm^−3^), corresponding to the brittle-to-ductile transition with density and changes in deformation modes from high-density stretching-dominated deformation to low-density bending-mediated deformation. The modulus and strength exponents of the nanoporous graphene exceed the quadratic and stochastic behaviors of previously reported porous graphene assemblies, cellular graphene foams ([@R16]--[@R21], [@R30], [@R31]), graphene aerogel microlattices ([@R16]), nanocarbon lattices ([@R32]), tetrahedral tubular graphene ([@R33]), and carbon nanotube (CNT) foams ([@R34], [@R35]). The scaling response of nanoporous graphene is superior to the expectation of traditional bending-dominated foams with power exponents of 2 and 1.5 for modulus and strength, respectively ([@R7]), suggesting that the bicontinuous tubular structure likely deforms in different manners, overwhelming the full bending mode under both tension and compression loading conditions. In particular, the density-dependent deformation demonstrates that the stretching-dominated tension at the high-density region offers higher strength but poor ductility while the mixed mode of stretching and bending in the low-density nanoporous graphene gives rise to both high strength and good ductility.

![Mechanical properties versus density of high-strength ultralight carbon materials.\
(**A**) Tensile and indentation yield strength versus density of nanoporous graphene. For comparison, the graphene and CNT-based porous materials from the literature are also plotted. The black open circles represent the tensile strength of graphene foam, which has a coarse pore size of about 100 μm, and the high aspect ratio of struts fabricated using CVD of Ni foam ([@R37]). (**B**) Tensile and indentation elastic modulus versus density of nanoporous graphene and other ultralight graphene and carbon materials.](aat6951-F3){#F3}

Cyclic tensile loading-unloading tests with various strain steps were implemented to investigate the two representative deformation/fracture modes of nanoporous graphene with densities of 49 and 8 mg cm^−3^, which are above and below the brittle-to-ductile transition, respectively. For the sample with a density of 49 mg cm^−3^, the initial elastic modulus is 60 MPa and gradually increases to 95 MPa (\~50% increment) in the last cycle before fracture ([Fig. 2C](#F2){ref-type="fig"}). The self-stiffening may result from the irreversible rotation and realignment of graphene tubes along the loading direction. However, the ultimate strength is close to that of the single tensile testing. From the scanning electron microscopy (SEM) images taken from the fracture surfaces, obvious buckling of graphene tubes cannot be seen in the vicinity of fracture zones (fig. S5B). The brittleness may arise from the rigidity of thick graphene walls, which leads to highly concentrated stresses at nodes for formation and fast propagation of cracks. In contrast, the low-density sample with mono-- or few--atomic layer graphene demonstrates a significant strain hardening and self-stiffening. The modulus increases from the initial 1.59 MPa before the yield point to 4.97 MPa (\~300% increment) right before fracture after 13% nonelastic strain, together with a considerable strength increase from the yield point of 60 kPa to the ultimate value of 165 kPa ([Fig. 2D](#F2){ref-type="fig"}). Although the maximum tensile strain of the low-density nanoporous graphene is not as high as those of elastic materials ([@R13]), it is higher than or comparable to other nanoporous materials with a similar morphology ([@R27]) and microlattices ([@R4], [@R36]) because of the contribution from the bending portion of the mixed deformation mode.

DISCUSSION
==========

To understand the deformation and failure mechanisms of the nanoporous graphene, particularly the self-stiffening and work hardening, we conducted in situ straining SEM observations. The yielding of the low-density sample results from extensive elastic shell buckling in nodes of graphene tubes, which leads to the realignment of tubular graphene toward the loading direction (fig. S6). Graphene is an anisotropic material that is extremely strong under in-plane tension but very soft and flexible when subjected to out-of-plane bending. Apparently, the gradual realignment of the atomically thin sheets along the tensile direction from the easily deformed out-of-plane (bending) mode to the strong in-plane (stretching) mode gives rise to self-stiffening and work hardening. The work hardening in the random hollow tube nanostructures is also the result of competition between realignment of hollow tubes in the loading direction and stretching fracture of tubes and depends on the density and the thickness of tube walls. Fractured hollow tubes that lack load carrier capability under tension reduce stress, whereas redirecting the tubes in the loading direction causes applied stress to increase ([@R37]). As manifested by smooth nonlinear stress-strain curves before fracture ([Fig. 2](#F2){ref-type="fig"}, B and D), realignment of tubes toward the loading direction proved to be dominant in the low-density nanoporous graphene (\<20 mg cm^−3^), whereas the impeded bending/buckling in the thick-walled tubes (high-density samples) causes brittle fracture in the linear elastic region. Therefore, thin-walled tubes facilitate the bending and buckling capacity of the nodes (fig. S6, A to D). The extensive realignment of tubes toward the loading direction (fig. S6) leads to not only high self-stiffening and work hardening but also large tensile strains by bridging crack tips and delaying crack propagation (fig. S6, E and F). Visible changes in the overall thickness and width of the tensile sample cannot be seen after a large elongation of 17% (fig. S7), indicating a near-zero or even negative Poisson ratio of the nanoporous graphene. The deformation behavior of the marked graphene tubes in fig. S6 implies that the nonlinear deformation of graphene tubes is accompanied by the increase of tube length. The shell buckling and tube rotation at nodes contribute to the deformation of low-density nanoporous graphene and give rise to the high strength and ductility of the seamless interconnected tubular frameworks with an ultralow density ([@R3]).

In general, the coupling between growth flaws and concentrated stresses at node junctions of hollow tube frameworks is responsible for poor mechanical properties, particularly under tension ([@R33], [@R38]). Our tubular graphene has a smooth connection at the node junctions with a morphology similar to that of the triply periodic minimal surface (TPMS) with near-zero mean curvature, which is adopted from the self-assembled nanoporous metal substrates ([@R39]). The TPMS architecture is expected to afford the stretch mode of deformation as the thin shells carry loads by coplanar stresses ([@R10]). The seamless connection at the node junctions of graphene tubes would render excellent tensile properties in terms of specific tensile strength, modulus, and ductility (figs. S4 and S8). Moreover, depending on topology and connectivity, deformation of struts in bending-dominated porous structures is modulated from fully bending (in low strut coordination at nodes) to a mixture of stretching-bending (with a coordination number higher than 4) ([@R40]). Apparently, the low aspect ratio and high coordination number of the graphene tubes in nanoporous graphene favor the stretching-bending behavior.

In summary, we developed ultrastrong and ductile 3D nanoporous graphene materials with ultralow densities for tensile applications. The unique bicontinuous nanoarchitecture constructed by interconnected high-quality graphene tubes offers high tensile strength and ductility, as well as an unprecedented damage tolerance at extremely low density. The high load and strain carrier capabilities of the nanoporous graphene benefit from the mixed deformation mode of stretching and bending and result in scaling relationships of $\mathit{E} \propto {\overline{\rho}}^{1.6}$ and $\sigma \propto {\overline{\rho}}^{1.1}$. Notably, the bicontinuous porous nanoarchitecture greatly preserves not only the excellent mechanical properties but also the 2D electronic behaviors and the large specific surface area of graphene ([@R22], [@R23], [@R41]). Therefore, the ultralight, strong, and ductile nanoporous graphene holds great promise for a wide range of structural and functional applications.

MATERIALS AND METHODS
=====================

Synthesis of nanoporous graphene
--------------------------------

np-Ni templates with a pore size of \~10 nm were prepared by chemically dealloying Ni~30~Mn~70~ alloy sheets in 1 M (NH~4~)~2~SO~4~ solution ([@R42]). The dealloyed np-Ni with a thickness of 35 μm was loaded into a CVD furnace as the templates of nanoporous graphene growth. Before CVD growth, the np-Ni templates were annealed at different temperatures (800°, 900°, and 1000°C) under a flowing mixed gas of 2500 standard cubic centimeters per minute (sccm) of Ar and 100 sccm of H~2~ for various periods (3 min to 6 hours) to tune the pore sizes (i.e., the diameter of graphene tubes). Subsequently, nanoporous graphene samples were grown by introducing a carbon source of benzene (0.1 mbar, 99.8%, anhydrous; Sigma-Aldrich) at a CVD temperature of 900° or 1000°C. The number of graphene layers (thickness of graphene tube walls) was tuned from monolayer, bilayers, to multilayers by altering graphene growth time (0.3 to 10 min). 3D nanoporous graphene samples were achieved by dissolving the np-Ni templates in 3 M HCl acid solution and by rinsing four times with deionized water. After the samples were rinsed several times with 2-propanol, they were immersed in 2-propanol for 1 week to completely exchange the entrapped water inside the nanoporous structure. Subsequently, the 2-propanol was exchanged with supercritical liquid CO~2~ (at a flow rate of 6 ml min^−1^) at a temperature of 70°C and at a pressure of 15 MPa for 7 hours. After the treatment, the temperature and pressure of the vessel were ramped down to 45°C and 10 MPa in 1 hour, and last, the vessel was slowly depressurized (0.3 ml min^−1^) to atmosphere for 15 hours using a syringe pump. The resulting freestanding nanoporous graphene inherited the morphological features of bicontinuous np-Ni substrates and was constructed from fully interconnected and covalently bonded graphene sheets in 3D nanoporous nanoarchitecture ([Fig. 1](#F1){ref-type="fig"}, A and C). The unique bicontinuous structure and strong covalent bonding of the nanoporous graphene provided excellent integrity in addition to its properties as a scalable nanoporous material (fig. S9). The densities of the dry and clean nanoporous graphene samples were determined by measuring the weight and dimensions of the bulk nanoporous graphene. The weight was measured by Mettler Toledo Ultra Microbalances with a readability of 0.1 μg, and the thickness of the centimeter-sized samples was measured by SEM.

Microstructure characterization
-------------------------------

The morphologies and pore sizes of the nanoporous graphene samples were characterized by SEM (JIB-4600F, JEOL Ltd.) at an operation voltage of 15 kV. The structure of the nanoporous graphene was observed by a HRTEM (JEM-2100F, JEOL Ltd.) equipped with an image aberration corrector. Raman spectroscopy (Renishaw) with an excitation wavelength of 514 nm and a laser power of 5 mW was used to characterize the structure and crystallinity of the nanoporous graphene. The *I*~D~/*I*~G~ ratios were used to present the defects in graphene. The shape of the 2D peak, *I*~2D~/*I*~G~ ratios, and FWHM were used to estimate the layer number of graphene walls in the nanoporous structure. The tube sizes were measured by an ImageJ software package from SEM images. At least two SEM images for each sample were used to evaluate tube sizes. All measured tube sizes were transferred to a histogram chart, and the peak values of the size distributions were used as the average tube sizes (fig. S10). In addition to Raman measurements and TEM characterization, the wall thickness (i.e., number of layer) of graphene, particularly multilayered ones, was also estimated by the specific surface area and density of nanoporous graphene\@Ni after CVD growth under different conditions. The specific surface area was determined by the BET method using a high-precision surface area analyzer (BELSORP-mini II, BEL Japan Inc.) at 77.0 K. The wall thickness of graphene was then determined by the density of nanoporous graphene and the specific surface area of the nanoporous structure according to the Supplementary Materials.

Mechanical testing
------------------

Mechanical properties of nanoporous graphene were evaluated by tensile and indentation tests. A high-precision Shimadzu EZ-SX instrument equipped with 1 and 500 N load cells was used to perform tensile tests of nanoporous graphene at a strain rate of 8.3 × 10^−4^ s^−1^. Tensile samples were cut into a dog bone shape with a gauge length of 6 mm, a width of 2 mm, and a thickness of 35 μm. Indentation experiments were carried out using a nano-/micro-indentation machine (DUH-W201S, Shimadzu) with a 20-μm spherical diamond tip. Nanoporous graphene samples with dimensions of 3 mm by 2 mm and a thickness of \~200 μm were prepared for compression testing. The total indentation depth was kept lower than 20 μm (10% of sample thickness) to avoid constraints from substrates. Hardness and elastic modulus were extracted from loading-unloading curves using the Field-Swain method ([@R43]).
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Fig. S1. Raman characterization of nanoporous graphene.

Fig. S2. SEM images of nanoporous graphene with different feature sizes and densities.

Fig. S3. Compression properties of nanoporous graphene.

Fig. S4. Mechanical properties versus density of various high-performance ultralight materials.

Fig. S5. SEM images taken from in situ tensile measurements of nanoporous graphene with a density of 49 mg cm^−3^.

Fig. S6. SEM images taken from in situ tensile measurements of nanoporous graphene with a density of 11 mg cm^−3^.

Fig. S7. In situ SEM observations of tensile deformation and failure of nanoporous graphene with a low density of 11 mg cm^−3^.

Fig. S8. Specific tensile strength versus tensile strain to fracture of nanoporous graphene.

Fig. S9. SEM image and digital photo of nanoporous graphene with a growth temperature of 1000°C and a thickness of 10 μm.

Fig. S10. Tube/pore size distribution of nanoporous graphene under different CVD conditions.

Table S1. Relationship between CVD condition, density, tube size, and tension testing results of nanoporous graphene.

Table S2. Indentation testing results of nanoporous graphene with different densities.
